High adiposity in midlife might increase risk for late-life brain pathology, including dementia. Using data from the prospective Age, Gene/Environment Susceptibility-Reykjavik Study of men and women (born 1907-1935), we studied the associations of overweight and obesity at midlife (mean age, 50 (standard deviation, 4.7) years) with 1.5-T brain magnetic resonance imaging measures of infarct-like brain lesions, cerebral microbleeds, total brain volume, and white matter lesions volume, as well as dementia, in late life (mean age, 76 (standard deviation, 5.2) years). We used linear and Poisson models to estimate associations in 3,864 persons after adjustment for sociodemographic, health, and lifestyle characteristics. In midlife, the prevalence of overweight was 39% and that of obesity was 8%. After a mean follow-up of 26.2 (standard deviation, 4.9) years, midlife overweight and obesity were not associated with infarct-like brain lesions (relative risk (RR) = 0.82, 95% confidence interval (CI): 0.61, 1.10), cerebral microbleeds (RR = 0.69, 95% CI: 0.37, 1.32), total brain volume (β = 0.05, 95% CI: −0.34, 0.45), white matter lesions volume (β = −0.10, 95% CI: −0.20, 0.01), or dementia (RR = 0.91, 95% CI: 0.49, 1.72) compared with normal weight. These findings do not support the hypothesis that high body mass index in midlife modulates the risk for dementia.
Dementia cannot be treated, and steep increases in prevalence are anticipated as the average age of the population increases (1) . Primary prevention is key, but evidence on modifiable risk factors remains inconclusive (2) . The rates of overweight and obesity are increasing to epidemic proportions worldwide, with the highest levels typically peaking in midlife (3) . It is hypothesized that high adiposity might contribute to neurodegenerative and cerebrovascular changes through vascular and metabolic pathways (4) . These changes underlie late-life dementia and are well-captured with brain imaging and postprocessing techniques that provide information on brain tissue volume, as well as small and large focal and diffuse vascular damage (5, 6) .
Metabolic and vascular pathologic changes might start occurring in midlife or earlier, making it imperative to understand whether there is a link between high adiposity in midlife and late-life dementia. To date, epidemiologic evidence that midlife body mass index (BMI), a clinical measure of total adiposity, is a potential risk factor for subsequent dementia is mixed, with a positive association in some studies (7) (8) (9) and no association in others after accounting for potential confounders (10) (11) (12) (13) (14) . Nevertheless, weight management has been suggested as one intervention to reduce the risk of dementia (4) .
Investigating the association of BMI with markers of brain damage (e.g., brain structure volume and diffuse and focal vascular damage) that precede or are part of the clinical expression of dementia can provide important evidence about the association of BMI with dementia (5), but epidemiologic evidence is lacking. In the present article, we examined the association of BMI measured in midlife with markers of brain damage, such as brain atrophy and vascular disease, measured using magnetic resonance imaging (MRI) in late life. We also report on the association of BMI with dementia in this same cohort.
METHODS

Study population
Late-life data are from the baseline wave of the Age, Gene/ Environment Susceptibility-Reykjavik (AGES-Reykjavik) Study, a follow-up of the Reykjavik Study initiated in 1967 by the Icelandic Heart Association to monitor the cardiovascular health of the Icelandic population. Both studies have been described previously (15, 16) . Briefly, the Reykjavik Study cohort was identified by randomly sampling communitydwelling men and women who were born in 1907-1935 and lived in the Reykjavik area in 1967. In 2002, there were 11,549 participants of the Reykjavik Study who were still alive, and 7,995 were invited to participate in the follow-up AGESReykjavik Study (2002) (2003) (2004) (2005) (2006) . A total of 5,764 subjects were examined (the response rate to the AGES-Reykjavik Study was 72%).
Standard protocol approvals and patient consents
This study was approved (VSN00-063) by the National Bioethics Committee in Iceland and the Institutional Review Board of the Intramural Research Program of the National Institute on Aging. All participants provided written informed consent.
Midlife BMI
Weight (to the nearest 0.1 kg) and height (in centimeters) were measured using the same standardized methods throughout the Reykjavik Study. To center the measurement to midlife, we used the BMI (weight in kilograms divided by height in meters squared) taken closest to age 50 years (mean age, 49.9 (standard deviation, 4.7) years) and excluded participants who were older than 60 years of age (n = 289) at the time of measurement. For the analysis, we categorized BMI according to the World Health Organization criteria (BMI <18.5 was classified as underweight, BMI of 18.5-24.9 was classified as normal weight, BMI of 25-29.9 was classified as overweight; and BMI ≥30 was classified as obese).
Outcomes assessments
Markers of brain damage assessed via MRI. All participants in the late-life AGES-Reykjavik Study who had no contraindications were eligible for the MRI brain scans acquired on a study-dedicated 1.5-T Signa Twinspeed system (General Electric Medical Systems, Waukesha, Wisconsin). The image protocol, which has been described previously (17) , included an axial T1-weighted 3D, T2*-weighted gradient echo type echo planar, a proton density T2-weighted fast spin echo, and a fluid attenuated inversion recovery sequence. Cerebrospinal fluid, gray matter, white matter, and white matter lesion volumes were segmented automatically with the AGES-Reykjavik Study algorithm, which has been described previously (18) . Intracranial volume was calculated by summing all segmented areas. The percentage of total brain volume (TBV), a proxy measure of brain atrophy, was calculated as a percentage of the sum of gray matter, white matter, and white matter lesions volumes relative to the intracranial volume. The percentage of white matter lesion volume (WMLV) was also calculated relative to the intracranial volume and was log-transformed to obtain a normal distribution. A radiologist identified the presence of infarct-like brain lesions (BIs) and cerebral microbleeds (CMBs) by slice location, and trained radiographers further characterized the lesions. BIs were defined as defects in the brain parenchyma with associated hyperintensity on T2 and fluid-attenuated inversion recovery images with a maximal diameter of at least 4 mm. No size criterion was applied for BIs in the cerebellum or the brain stem or for BIs with cortical involvement (19) . Focal areas of signal void within the brain parenchyma that were visible on T2* images and were smaller or not detectable on T2 images were identified as CMBs if they did not contain any other structure or were not bordering a parenchymal defect (20) . Blind re-reading of 5% of all scans yielded intra-rater reliability scores of 0.9 and 1.0 for the detection of BIs and CMBs, respectively, and an average inter-rater reliability of 0.7 (Cohen's weighted κ) for both.
Dementia diagnosis. Dementia diagnosis was based on a 3-phase procedure that has been described previously (15) . Briefly, the whole cohort was screened using the Mini-Mental State Examination (21) 
Covariates
We considered covariates and confounders previously found to be associated with BMI, dementia, or brain measures (13, 26) . Measurements from the original Reykjavik Study (midlife) included age, educational level (primary school, secondary school, college, or university), moderate/ vigorous physical activity (5 hours per week or more), systolic and diastolic blood pressures, and total serum cholesterol. Measurements from the AGES-Reykjavik Study (late life) included years since midlife assessment, presence of the Apolipoprotein E ε4 allele, drinking and smoking status (never, former, or current), total serum cholesterol, coronary artery calcium measured in Agatston units using computed tomography, presence of coronary heart disease (Rose Angina Questionnaire (27) or electrocardiographic evidence of myocardial infarction), hypertension (systolic blood pressure ≥140 mm Hg, diastolic blood pressure ≥90 mm Hg, or self-reported clinical diagnosis or use of antihypertensive medications), diabetes (fasting blood glucose level >7 mmol/L, use of glucose-lowering medications, or self-reported clinical diagnosis), and depressive symptomatology based on the 15-point version of the Geriatric Depression Scale (the cutoff for depression was ≥6) (28) .
Statistical analysis
Of the 5,764 participants included in the AGES-Reykjavik Study, we excluded those without a midlife BMI measure (n = 314) and, because of small numbers, those who were underweight at midlife (n = 56). Of the 5,394 remaining participants, those who did not have complete brain MRI data (n = 1,043), a dementia diagnosis (n = 42), or complete data for all covariates (n = 445) were further excluded. Most subjects who were missing covariate data (n = 364) did not have data on midlife physical activity level and late-life Geriatric Depression Scale variables. The remaining 3,864 subjects (1,656 men and 2,208 women; 67% of the eligible sample) had complete data for all variables of interest and formed our analytic sample ( Figure 1 ). Compared with the participants who were excluded (n = 1,900), participants who were included were significantly younger at the midlife assessment (P < 0.001) and had a better cardiovascular risk profile. All analyses were carried out using STATA, version 12 (StataCorp LP, College Station, Texas), with data on men and women combined (9) .
We compared participants' characteristics across BMI categories using analysis of variance and χ 2 tests, and we calculated Spearman's correlations (at a 0.05 significance level) among MRI measures. We dichotomized BI and CMB into categories of either 0 or 1 defect (null or very minimal focal damage) or 2 or more defects after preliminary analyses confirmed that persons with no lesions and those with 1 lesion had similar risks. In the main analyses, we used the World Health Organization BMI categories in Poisson models with robust 95% confidence intervals for BI and CMB (dichotomous) outcomes and in multivariate linear regression models for the percentage of TBV and the log of percentage of WMLV (β coefficients for the latter were back-transformed). Participants who had normal-weight BMIs served as the reference group. In addition, using Poisson and linear regression models, we examined the associations of brain MRI measures and dementia with the continuous measure of BMI, and we formally tested for departures from linearity by including the BMI quadratic terms in the models.
Three models were estimated. In model 1, we adjusted for age in midlife, sex, intracranial volume, and number of followup years; in model 2, we adjusted for the variables in model 1 and the presence of the Apolipoprotein E ε4 allele, educational level, and midlife physical activity level and cardiovascular risk factors; and in model 3, we adjusted for the variables in model 2 with the addition of drinking and smoking habits and health characteristics measured in late life. The association between midlife BMI and dementia was assessed using Poisson models with the same adjustments. Model 3 was further adjusted for BI in regression models of the percentage of TBV and for BI and percentage of WMLV in dementia models.
In sensitivity analyses, we checked the effect modification by sex (9) , age at midlife (≤50 vs. >50 years of age) (11) , and presence of the Apolipoprotein E ε4 allele (29) . To explore the robustness of our models, we repeated the analysis for the MRI outcomes after excluding cases with dementia. We also ran an analysis of the association of BMI with dementia using the larger sample for whom we had complete BMI and dementia data (n = 4,478 vs. n = 3,864 for the analytical sample), that is, including those previously excluded because of missing covariate MRI data. Finally, we formally tested the influence of attrition-related selection bias on the association of midlife overweight and obesity with late-life brain measures and dementia.
Taking full advantage of mid-to late-life mortality data from the Reykjavik Study (i.e., before the AGES-Reykjavik Study examination), we explored potential differential survival by midlife BMI level, which could explain the absence or presence of a BMI association with dementia and/or brain damage (12) . Specifically, we re-ran our main models using inverse probability of censoring weighting (i.e., the probability of being included in the analytic sample) that was calculated based on mid-and late-life relevant covariates. In weighted models, participants with characteristics associated with a lower probability of being included in the analytic sample are assigned larger weights to "compensate" for being underrepresented, thus accounting for potential selection bias due to attrition (30) .
RESULTS
There was an average of 26.2 (standard deviation, 4.8) years (range, 12-38 years) between the mid-and late-life measurements. At midlife, 39% (n = 1,504) of the sample was overweight and 8% (n = 314) was obese. Participants grouped by midlife BMI categories differed across a number of factors (Table 1) . In general, compared with overweight and obese subjects, those with BMIs in the normal-weight range were younger and slightly more educated and had lower mean cholesterol levels and lower blood pressure in midlife. In late life, compared to heavier participants, those with BMIs in the normal-weight range had a lower prevalence of CHD and more favorable CVD risk factor profile and were more likely to be current smokers and alcohol drinkers ( Table 1 ). The prevalence of having had 2 or more BIs was 14.9% and that of having had 2 or more CBMs was 4.3%. The prevalence of dementia was 4.9%, the mean percentage of TBV was 72.1, and the mean percentage of WMLV in late life was 1.3. All MRI measures were significantly correlated (all Spearman's r < 0.25; P < 0.05).
Associations of overweight and obesity in midlife with CMB, BI, percentage of TBV, and percentage of WMLV were not significant (Table 2 and Figures 2 and 3) . Compared with being normal weight, being overweight (relative risk (RR) = 1.22; 95% confidence interval (CI): 0.92, 1.63) or obese (RR = 0.91; 95% CI: 0.49, 1.72) at midlife was also not significantly associated with dementia in the unadjusted or fully adjusted models (Table 2 and Figure 2 ). Associations were also not significant before or after adjustment when we entered the continuous BMI variable into the model (for dementia, RR = 1.27, 95% CI: 0.89, 1.81; for BI, RR =1.17, 95% CI: 0.92, 1.50; for CMB, RR = 1.16, 95% CI: 0.75, 1.79; and for percentage of WMLV, β = −0.04, 95% CI: −0.12, 0.03) Abbreviations: APOE, apolipoprotein E; BP, blood pressure; CAC, coronary artery calcium; CHD, coronary heart disease; SD, standard deviation. a Normal weight was defined as a body mass index (measured as weight in kilograms divided by height in meters squared) of 18.5-24.9; overweight was defined as a body mass index of 25-29.9; and obese was defined as a body mass index ≥30.
b Physically active subjects were those who reported 5 hours or more of exercise per week.
(fully adjusted estimates) ( Table 2) . The relationship between BMI and percentage of TBV was not linear (for the BMI quadratic term in the model, P < 0.024), and graphical inspection confirmed a polynomial relationship (β = 0.29, 95% CI: 0.03, 0.56), which is interpreted in the categorical analysis (Table 2 ). In the larger sample that included persons with missing MRI data, we found that compared to normal weight, the relative risk of dementia was 1.16 (95% CI: 0.89, 1.53) for midlife overweight and 0.92 (95% CI: 0.54, 1.58) for obesity in the fully adjusted models. No results were modified by age in midlife (≤50 vs. >50 years of age), the presence of the Apolipoprotein E ε4 allele, or sex (all P for interaction > 0.11). Results for associations of BMI with the markers of brain damage assessed via MRI were unchanged after the exclusion of participants with dementia (n = 188; results not shown).
Finally, we found the mortality rates before the start of the AGES-Reykjavik Study (2002) increased with increasing BMI, from 36% in normal-weight participants to 45% in participants who were obese (Web Table 1 , available at http://aje. oxfordjournals.org/). However, when we accounted for potential selection bias by adding inverse probability weights to our models, all results remained unchanged (Web Table 2 ).
DISCUSSION
In a large population-based sample of men and women, we found that being overweight or obese in midlife was not significantly associated with lower total brain volume, focal brain vascular damage, or dementia. These results were robust to advanced alternative model specifications in our sensitivity analyses.
Strengths of the study include the large, well-described cohort; the availability of mid-and late-life data, including standardized height and weight measures; clinical measures and information on potential confounders measured both in midlife and late life; MRI measures of percentage of TBV and percentage of WMLV obtained using a previously validated automated segmentation algorithm (18) ; standardized criteria for diagnosing BIs and CMBs; dementia diagnosis established through clinical consensus; mortality data on the total original cohort; and formal correction for potential selective attrition. a Normal weight was defined as a body mass index (measured as weight in kilograms divided by height in meters squared) of 18.5-24.9; overweight was defined as a body mass index of 25-29.9; and obese was defined as a body mass index ≥30.
b Mean of brain volumes were adjusted for intracranial volume and for the covariates included in models. c β coefficients from linear regression models of percentage of TBV and percentage of WMLV per unit difference in body mass index. d Relative risks representing the risk of ≥2 BIs, ≥2 CMBs, and dementia from Poisson models with robust 95% confidence intervals. e Model 1 was adjusted for sex, age in midlife, no. of years of follow-up, and intracranial volume. f Model 2 was adjusted for the variables in model 1 and Apolipoprotein ε4 allele, educational level, physical activity level, systolic and diastolic blood pressures, and serum cholesterol level in midlife.
g Model 3 was adjusted for the variables in model 2 and coronary artery calcium, prevalent coronary heart disease, hypertension, diabetes, and depression, alcohol drinking status, and smoking habits in late life. The models for percentage of TBV were further adjusted for BI, and the models for dementia were also adjusted for percentage of WMLV.
Several issues related to the interpretation of our findings should be noted. Central rather than overall adiposity might be a more valid indicator of the resultant metabolic changes (12, 31) , but those measures were not taken at the midlife examination. However, BMI is widely used in adults to reliably capture both total and central adiposity (32) . Further, we investigated the percentage of TBV as measure of global brain atrophy by inferring it from cross-sectional data. It is possible that a high BMI could have specific localized effects on smaller regional brain volumes, for instance hippocampal volume (26) . Hypothesis-generating follow-up studies are needed to assess this issue. We took several steps to investigate whether bias from selective participant loss might have influenced our results. Participation rates were higher and mortality rates were lower in normal-weight participants than in those who were overweight or obese in midlife. Further, compared with participants who were excluded, those in the analytic sample had a slightly better cardiovascular risk profile. However, to affect the study conclusions, survival bias would have to be in the direction of missing data on obese participants with a lower risk of dementia and brain damage, and this is likely minimal or unlikely.
Within the analytic sample, overweight and obese participants had significantly worse mid-and late-life cardiovascular risk factor profiles for mortality and brain damage than normal-weight participants (including higher blood pressure and higher rates of diabetes). When those variables were included in the models, their effect was very modest. Moreover, our results did not change when we applied inverse probability weighting to our models to formally account for the potential influence of selective attrition on the association of midlife overweight and obesity with dementia and brain damage. Further, results were unchanged for dementia when participants with missing MRI data were included in the sample. However, these additional analyses cannot completely account for the selected attrition. Across the categories of BMI and brain outcomes, there is a small but relatively consistent tendency for obese participants to have less risk for cerebral vascular pathology than overweight or normal-weight participants. Persons with a high BMI and low vascular disease burden might have a different risk for cardiovascular disease-related outcomes or other outcomes also associated with cerebral lesions.
Prospective evidence of the association of midlife BMI with brain atrophy and brain vascular damage (the structural changes underlying dementia) in late life is patchy. Our midto late-life prospective analyses of brain structural measures assessed via MRI (including brain atrophy and both focal (BI and CMB) and diffuse (WMLV) vascular damage), dementia, and mortality in a single population-based study have not been reported elsewhere. In addition, no prior studies on the association of overweight and obesity in midlife with dementia have formally accounted for the potential influence of selective attrition.
In a younger cohort, associations of midlife BMI with structural brain measures assessed via MRI were not significant after controlling for covariates comparable to the ones ) and obese (body mass index ≥30) participants compared with normal weight (body mass index of 18.5-24.9) participants from multivariate linear regression models that were adjusted for sex, age in midlife, number of follow-up years, Apolipoprotein ε4 allele, educational level, intracranial volume, physical activity level, systolic and diastolic blood pressure, and serum cholesterol level in midlife and for coronary artery calcium, prevalent coronary heart disease, hypertension, diabetes, depression, and drinking and smoking status in late life. The models for percentage of total brain volume are further adjusted for infarct-like brain lesions. Bars, 95% confidence intervals. that we considered in the present study (26) . In a smaller sample of relatively healthy older adults, neither central nor global midlife obesity was associated with brain atrophy, and measures of vascular brain damage were not available (33) . Recently, in a meta-analysis, Anstey et al. (34) suggested that there was a positive association between BMI and dementia risk. However, those results were largely driven by 2 large studies that relied upon available medical records to ascertain dementia. This might have introduced bias. Higher BMI is plausibly associated with greater morbidity and higher rates of hospitalization; therefore, dementia detection among participants who were leaner might have been lower because of less frequent health care use (8, 35) . Moreover, there might be issues related to residual confounding and measurement bias in studies in which investigators did not adjust for education level (8) or when BMI calculations are based on selfreported height and weight (7). Further, not included in the meta-analysis were 3 studies that found no significant association between overweight and obesity measured in midlife and dementia in late life after adjustment for sociodemographic and health characteristics (12) (13) (14) . Our results on the lack of a significant association of midlife overweight and obesity with dementia are consistent with those of studies that accounted for similar potential confounders (10) (11) (12) (13) (14) , and the prevalence of midlife overweight and obesity in the present study did not differ from those observed in samples from previous studies (7) (8) (9) (10) (11) (12) (13) (14) . It is biologically possible that excess adipose tissue plays a role in the long-term development of cerebral diseases. Mechanisms might include insulin resistance, glucose intolerance, and diabetes; adipocyte-produced hormones and proinflammatory cytokines (i.e., tumor necrosis factor-α and interleukin-6); and vascular risk factors and diseases (4) . Moreover, the association of the risk variant of the fat mass and obesity-associated protein (FTO) gene with reduced brain volume but not with diffuse cerebrovascular damage (which is consistent with our findings on percentage of WMLV) provides indirect evidence of a possible unfavorable effect of high adiposity on the brain in late life (36) . Nevertheless, other studies suggest that there are mechanisms that support a more complex association. For example, there might be neuropathological changes in the brain that build up several years before the clinical onset of dementia and might be associated with weight loss decades before old age (37) . In recent studies, a reduced risk of dementia has been reported with increasing levels of leptin (38, 39) , a cytokine that is produced in the adipose tissue and known to enhance cognitive function and to exert neuroprotective effects (40) . In this context, our results are consistent with a recent hypothesis, which posits that the association of obesity with dementia and brain damage could be largely confounded by genotype and life circumstances that may influence lifelong adiposity levels and vascular risk profile, as well as late-life cognitive ability and neuropathology (41) .
The identification of modifiable factors on the pathway to dementia is key for prevention. Our results suggest that a clinical marker of high total adiposity in midlife might not be associated with a higher risk of brain pathology and dementia at a later age. Therefore, weight management interventions might not be effective for prevention of dementia. Nevertheless, the maintenance of a healthy body weight should be encouraged because excess body weight is associated with poorer health.
